Poly(4-vinylpyridine) (P4VP) and P4VP/pentacyanoferrate(II) metallopolymer were used to suspend up to 1 mg mL -1 of multi-walled carbon nanotubes (MWCNT) in ethanol/water mixtures, providing noncolavent decoration of MWCNT with electroactive iron complex. The major interaction between polymer side chains and nanotubes is via π-π stacking, rather than chargetransfer interaction reported for many nitrogenated interacting molecules. Preservation of structural integrity of the nanotubes after functionalization was attested by Raman, which was reflected in the semiconducting character of the dried nanocomposites. Proximity of pentacyanoferrate(II) to MWCNT walls was suggested by its solvatochromic shift of metal-to-ligand charge transfer band attributed to [Fe(CN) 5 ] 3− bound to P4VP pyridyl moieties. Electronic microscopy revealed smooth films and good adhesion between MWCNT bundles and the matrix. The procedure described herein can be used to combine unique properties of transition metal compounds able to coordinate to pyridyl groups, with the film-forming ability of P4VP and conductivity provided by MWCNT.
Introduction
Carbon nanotubes (CNTs) are one of the most studied objects in the field of materials science due to their interesting electrical, thermal and mechanical properties. 1 Decoration of CNTs with coordination compounds can be achieved by covalent bonding using different reactions, leading to functionalization with, e.g., porphyrins, 2, 3 phthalocyanines, 4 ,5 bipyridine, 6 terpyridine, 7, 8 and catechol 9 complexes. Chemical modification of CNT surface is frequently performed by fluorination or by strong oxidizing agents, so that polar functional groups can be created to allow dispersion in solvents and subsequent bond formation with anchoring groups. [10] [11] [12] This method usually creates defects in the CNT lattice, lowering its electrical and thermal conductivity and compromising its mechanical properties. 13 To overcome this drawback, some groups explored noncovalent functionalization through van der Waals forces with pyrene derivatives, [14] [15] [16] surfactants, 17 and also with standard Werner-type complexes. 18 After functionalization (of both kinds), the material can be processed as a dispersion in some common solvent, which allows its application for different purposes, as production of printed electrodes 19 and phenolic resin nanocomposite, 17 for example. The association of CNTs with polymers provides films with enhanced electrical conductivity and superior mechanical performance provided that hydrophobic polymer chains can overcome van der Waals interactions that sustain CNTs together in bundles. [20] [21] [22] [23] [24] Wrapping molecules can bind onto CNT outermost surface through other non-covalent interaction like acid-base adduct formation, also known as charge-transfer interaction. 13 This kind of strategy has been used to build very stable decorated CNTs with different transition metal compounds. [25] [26] [27] The affinity of semiconductor single-walled carbon nanotubes (SWCNT) towards basic nitrogen atoms is well-known. [28] [29] [30] As reported by Rouse, 31 poly(4-vinylpyridine) (P4VP) performs well the role of bridge between CNT and solvent and hence is able to disperse them in alcoholic medium. P4VP was used by Vos and co-workers 32 to obtain stable suspensions of SWCNT or multi-walled carbon nanotube (MWCNT) with P4VP-based metallopolymers containing [M(bpy) 2 Cl]Cl, where M is Ru 2+ or Os 2+ and bpy is 2,2'-bipyridine. They show that the electronic and electrochemical properties of redox metallopolymers do not change after addition of CNT, thus letting to CNT the role of improving the mechanical properties of the material. Furthermore, they suggest that the suspension-forming ability is due to the interaction of CNT walls with metallopolymer ligands via π-π stacking. In another work, 33 a biosensor for glucose was produced from pyridyl-containing chitosan complexed with pentacyanoferrate. The polymeric matrix embedded glucose oxidase while pentacyanoferrate served as electrochemical mediator. Differently from Vos and co-workers, 32 addition of MWCNT improved the overall electrochemical response but the specific interaction of the redox mediator with the CNTs was not investigated.
The association of P4VP, MWCNT and pentacyanoferrate(II) has been shown previously by us to be a good electrocatalyst for cysteine oxidation at low overpotential. 34 Despite the successful application of the hybrid material in electrochemical sensing, the interaction between the components lacks investigation. It is still not clear whether acid-base interaction between the nitrogen atom of P4VP and the outermost wall of CNTs is predominant over π-π interactions. We report herein the characterization of this solution-processable (the term "solution" here is taken loosely to refer indeed to a "suspension" in order to express the idea that the material can be handled as easy as any solution) multifunctional material, which gathers (i) electrical conductivity of CNT; (ii) film-forming ability of P4VP and (iii) its solvation properties that grants MWCNT dispersion, and (iv) demonstrated electrochemical activity of the complex. Potentially, properties of any other complex with a labile ligand able to be substituted by the pendant pyridyl moieties of the polymer could be further integrated to those of the other two components. Moreover, the simple procedure reported herein can be employed in the production of new P4VP-based blends, thin semiconducting films as well as in the design of functional solution-processable metal-containing architectures based on P4VP copolymers.
Experimental
Instrumentation UV-Vis spectra were recorded on a diode array Agilent spectrophotometer model HP 8453. The ultrasonication bath used was a Thornton Chubby, 240 W, 40 kHz from Inpec Eletrônica. Centrifugation was carried out in a Quimis bench centrifuge. Raman spectroscopy was carried out using a Horiba Jobin-Yvon T64000 triple spectrometer system, equipped with a confocal microscope and a nitrogen-cooled charge coupled device (CCD) detector. The spectrum was obtained with the 514.5 nm line of a Ar/Kr laser (7.4 mW) and accumulation time of 180 s at room temperature. The samples were drop-cast onto a microscope glass slide and they were let to dry at room temperature. The spectra were acquired from the center of the drop-cast film, because they were less subjected to variation of the relative intensity of the bands than spectra acquired in regions closer to the edges of the film. Microscopy investigations were carried out in a JEOL JSM 6360 LV scanning electron microscope operating at 20 kV. 1 The procedure for synthesis of sodium aminopentacyanoferrate used sodium nitroprusside in concentrated ammonium hydroxide, as described in the literature. 
Formation of MWCNT suspensions
Mixtures of MWCNTs, P4VP (or P4VP-Fe(CN) 5 metallopolymer) and ethanol with different proportion of these components were prepared, as presented in Table 1 . A 42.2 mg mL -1 P4VP solution in ethanol and freshly-prepared solutions of the metallopolymers were used to prepare the samples with pure P4VP and with the metallopolymers, respectively. In the case of samples with metallopolymers, two values of P4VP/MWCNT weight ratio were tested. The necessary volume to obtain the desired mass of P4VP in the mixture was transferred to a test tube to which was added ethanol up to the final volume of 3.5 mL. Then, the amount of MWCNTs was added and the mixture was sonicated for 2 hours uninterruptedly.
Quantification of MWCNT in the suspensions
To 1.0 mL of the suspension containing P4VP or P4VP-Fe(CN) 5 metallopolymer was added 4 mL of concentrated HCl. The flocculated MWCNT was separated by centrifugation, washed with 4 mL of HCl 1.0 mol L -1 and centrifuged again. The UV-Vis spectra of the supernatant was acquired. The presence of P4VP and the respective protonated species were attested by the characteristic band of the aromatic ring at 257 nm. The supernatant was discarded and a new portion of 4 mL of HCl 1.0 mol L -1 was added. Several cycles of washing and centrifugation were performed until the UV band vanishes, indicating that the recovered MWCNT is free from the polymer. The cyclic procedure is shown in Figure 1 . Subsequent washing steps (approximately 12) were done with 4 mL of deionized water until rinsed water pH becomes neutral. After that, the supernatant was removed, the MWCNT free from P4VP and acid was vacuum dried and weighted.
Films for conductivity measurements
MWCNT/P4VP and MWCNT/metallopolymer films were prepared in the following manner: MWCNT (25 mg) was added to P4VP ethanolic solution (10 mg mL -1 , 5 mL) and the solution was ultrasonicated for 1 h. After that, the solution was centrifuged at 4500 rpm for 10 minutes and the supernatant dispersion was separated to be used in the film preparation. In addition, MWCNT (25 mg) was added to metallopolymer solution (21.25 mg mL -1 , 5 mL) and the process was followed in the same way as described above in order to obtain the MWCNT/metallopolymer dispersion. These dispersions were then dropped onto the Teflon substrates, and dried by supplying a subtle flow of nitrogen at room temperature. This process was repeated until the films occupied the total volume (15 mm of diameter, 2.2 mm of thickness). Finally, the films were dried in a vacuum oven under vacuum at 40 ºC for 4 hours. The films could then be peeled off from the Teflon substrates to give samples with 2.2 mm of thickness.
Results and Discussion
Interaction between P4VP and MWCNT Non-covalent interactions of organic molecules and carbon nanotubes can be mainly divided into π-π stacking, usually when condensed aromatic polycyclic compounds are used, [14] [15] [16] or acid-base adduct formation where the nanotube behaves as an acid accepting electronic density of nitrogenated molecules in many cases. [28] [29] [30] In order to check which interaction is dominant in P4VP/MWCNT pair, nuclear magnetic resonance experiments were conducted to investigate the effect of the presence of MWCNT on the chemical shifts of hydrogens and nitrogens of the polymer. shielded showing that, in the average, nitrogen does not donate electronic density to MWCNT walls and therefore charge-transfer interactions could be of minor importance. If charge-transfer was predominant, we would expect a deshielding of the nitrogen atom. Results from density functional theory of a single pyridine molecule adsorbed onto a graphene surface indicate that the van der Waals forces via π-π stacking overcome the charge-transfer interaction via nitrogen lone pair. 38 Interestingly, the suspension is not formed when P4VP is replaced by its isomer poly(2-vinylpyridine) (P2VP), according to Rouse. 31 He attributes the inefficiency of P2VP to the proximity of the polymer backbone to the nitrogen that hinders the charge-transfer interaction with nanotube walls. However, the reason could be that the P2VP-covered nanotubes are simply not well solvated and hence do not result in colloidal aggregates. The solubility of 4-vinylpyridine is 2.91 g per 100 mL of water whereas it is 2.75 g per 100 mL for 2-vinylpyridine. 39 These values suggest that the carbon backbone in the position 2 disfavors the solvation and may hamper the suspension formation.
Determination of the mass of suspended MWCNT
The formation of CNT suspension relies in a good balance between polymer-CNT and polymer-solvent interactions. For example, polyethyleneimine (-CH 2 CH 2 NH-) n (PEI) strongly n-dopes single-walled carbon nanotubes 40 but is unable to suspend them in alcohols. Maybe due to the higher flexibility of PEI chain in comparison to P4VP, the PEI nitrogens strongly interact with the nanotube walls and few remain able to form hydrogen bond with the solvent to solvate the polymer-covered nanotube. 31 Based on this information, we pursued a way to maximize polymer-solvent interactions in order to disrupt the colloidal aggregate and recover the MWCNT once suspended. Flocculation was achieved by adding concentrated HCl in the suspension, as shown in Figure S2 . Protonation of the pyridyl groups may result in the solvation of pyridinium moieties by water and ethanol via ion-dipole interactions and disruption of π-π stacking interactions with MWCNT wall, thus leading to flocculation.
MWCNTs previously suspended could be isolated after washing off the water-soluble poly(4-vinylpyridinium chloride). To assess the integrity of the MWCNTs after the procedure, they were analyzed by Raman spectroscopy. The spectra of recovered MWCNTs showed the same bands and similar relative intensity as before the interaction with the polymer, thus showing no structural modification upon sonication and acidic treatment. See Supplementary Information section for details.
The actual mass of suspended MWCNT and the composition of the mixtures are presented in Table 1 . Pure P4VP and P4VP-Fe(CN) 5 3− metallopolymer were able to produce suspensions of up to 1.1 and 0.6 mg mL -1 , respectively, which are concentrations above the reported range of 0.1-0.3 mg mL -1 used for high-throughput solution processing of carbon nanotubes. 10, 31, 41, 42 Comparing the suspended MWCNT mass of the samples P1, P2 and P3, one can note that the amount actually suspended is directly proportional to the amount of nanotubes mixed. However, the efficiency indicates that the suspended MWCNT mass in P1 relative to the initial mixed amount is less than in P3. This fact might be due to the higher viscosity of the highly-loaded sample, which hampers the suspension of a larger nanotube mass during the sonication time.
The metallopolymer samples were prepared using the mass of added MWCNT between P2 and P3, aiming the formation of a suspension with an appreciable mass of nanotubes. The actual amount of MWCNT suspended stayed between the values of P2 and P3, indicating that the presence of pentacyanoferrate bound to the polymer chain does not change drastically its ability to suspend nanotubes. We wondered if more free pyridyl groups in the metallopolymer chain would further increase the mass of suspend MWCNT and therefore we prepared samples using a metallopolymer having py:Fe ratio equals 200:1. However, the suspended content did not increase. The increase of the metallopolymer:MWCNT mass ratio from 2:1 to 5:1 (in samples MP50.5 and MP200.5) also did not suspend more nanotubes, in agreement with what was reported by Rouse.
31
A possible explanation does not rely on the amount of free pyridyl groups but maybe on the conformation of the macromolecule in solution that exposes more the side chains for interaction with MWCNT. The gyration radius of a polyelectrolyte coil in low ionic strength medium is larger than a coil of neutral polymer with same molecular weight due to electrostatic repulsive forces. 43 The evidence for that is the larger intrinsic viscosity of the metallopolymer bearing 50:1 monomer to pentacyanoferrate than the 200:1 reported previously.
36 Therefore, the metallopolymer with more [Fe(CN) 5 py] 3− in sample MP50.2 assumes a more extended conformation in solution than of sample MP200.2, making free pyridyl groups more available to interact with MWCNT. To corroborate this argument, the stability time of metallopolymer-stabilized suspensions was shorter (3 weeks) than the observed for suspensions with pure P4VP (8 weeks). The more elongated conformation of highly-charged metallopolymer chains wrapping MWCNT may allow a more rapid dissociation, favoring the aggregation kinetics. Added to this, the effect of the charge of the metallopolymer can contribute to a favorable interaction with solvent, destabilizing the suspension.
Another evidence rises when we compare the morphologies of dried nanocomposite films of MP50.2 and MP200.2 (Figures 3c and 3d , respectively). The former is more similar to the pure metallopolymer film (Figure 3b ) than the latter, where the woven pattern of pristine MWCNT (Figure 3a) is more evident. This indicates that the nanotubes are better dispersed in the metallopolymer with higher pentacyanoferrate content (py:Fe ratio equals 50:1). UV-Vis spectroscopy of the suspensions revealed the metal-to-ligand charge transfer (MLCT) band assigned as Fe(dπ)→py(π* b1 ), 44 which proves that [Fe(CN) 5 ] 3− are still coordinated to pyridyl moieties of the P4VP chain after interaction with MWCNTs. The position of this band of a model complex Na 3 [Fe(CN) 5 py], where py is pyridine, depends on solvent polarity. It is observed at 365 nm in water and at 400 nm in ethanol, as a consequence of the solvatochromic effect. 45, 46 The UV-Vis spectra of the P4VP-Fe(CN) 5 metallopolymer with py:Fe ratio 200:1 in solvents composed by water and ethanol at different water molar fraction (X H 2 O ) are presented in Figure 4 . It can be observed that the MLCT band of the [Fe(CN) 5 ] 3− groups redshifts whereas the medium becomes water-poor, up to a maximum at 404 nm, when the polymer chain starts to integrate the solvation sphere of pentacyanoferrates.
36 When the MWCNT is present, two bands appear in this region (solid line in Figure 4 ), a weak band at 360 nm indicating pentacyanoferrate immersed in a polar environment and another more intense band over 420 nm, indicating that the pentacyanoferrates are located in a chemical environment even less polar than the solvent or the polymer chain. This evidence indicates proximity and interaction of the complexes with the hydrophobic MWCNT walls.
Characterization of the dried nanocomposite films
Investigation using scanning electron microscopy of drop-cast samples revealed MWCNTs bundles in large agglomerates when no dispersing agent was added (Figure 3a) . The films of metallopolymer samples with py:Fe ratio of 50:1 and 200:1 were found to be very thin, having smooth and flat surfaces with round shapes only near the drop edge (Figure 3b ) probably formed during the drying process. Inspection of the samples revealed that the good film-forming ability of P4VP is maintained when associated to MWCNT.
The nanocomposites formed with the metallopolymers are shown in Figures 3c and 3d . Linear features resembling MWCNT bundles are found embedded in polymeric matrix in both images. Nanotubes occur only together with the metallopolymer. The woven pattern found in Figure 3a is not found when they are dispersed with the metallopolymer, which is an indicative of good adhesion between both phases. Figure 3e highlights in higher magnification a single bundle with diameter of 80 nm emerging from the underlying metallopolymer film. No clear interface between tubes and matrix is noticeable, suggesting good wetting and nice coverage.
Raman spectroscopy was used herein to investigate whether the decoration procedure maintain the structural integrity of MWCNT. It is known that the interaction between carbon nanotubes and an adsorbed species can be probed based on the shift of G band in single-walled CNT, 47 but this information is not straightforward when dealing with multiwalled CNT. In composites of MWCNT, the majority of the walls scatters like a sample of pure MWCNT, since only the outermost wall interacts with the environment.
Raman spectra of MWCNT and dried metallopolymer/ MWCNT nanocomposites were normalized by the band at 1346 cm -1 and presented in Figure 5 . The bands were fitted by lorentzian curves, whose parameters are shown in Table S1 . The unscaled spectra in full range are depicted in Figure S5 . The spectra of the metallopolymer/ MWCNT nanocomposites show the same features of the parent MWCNT, but small differences are noticeable after deconvolution. In the spectrum of MWCNT, the disorder-induced D band at 1346 cm -1 and its harmonic at 2690 cm -1 (G' band) are relatively intense when compared with tangential mode band (G) at 1578 cm -1 . High values of the intensity ratio I D /I G between D and G bands are usually used as an indication of low quality graphitic material. 48, 49 In addition, the shoulder around 1613 cm -1 is typical of defective graphite-like materials and can be smaller in better quality MWCNT samples. 50 After interaction with metallopolymers, the I D /I G ratio calculated with intensity values after deconvolution decreased from 1.30 in the pure MWCNT to 1.01 and 1.05 in the MP50.2 and MP200.2 samples, respectively. This fact suggests that the polymeric chain interacts preferably with nanotubes with less defects on the outermost wall, to which they probably can better π-stack. Evaluating the I D /I G' or I G /I G' intensity ratios (Table S1 ) according to Maultzsch et al., 51 the conclusion is the same. By the virtue of nanotubes being multiwalled, a clear evidence of nanotube-polymer interaction based of G band shift was not possible, as would be the case of SWCNT. 47 Neither the signals of P4VP chain nor of [Fe(CN) 5 ] 3-groups were evident probably due to low scattering intensity.
Conductivity measurements showed ohmic behavior of both MWCNT/P4VP-Fe(CN) 5 and MWCNT/P4VP films (see Supplementary Information section) . The value of the conductivity were 2.35 and 0.95 mS m -1 , respectively, whereas the pure P4VP is known to be an insulator, with conductivity value of 3.6 µS m -1 . 52 The presence of pentacyanoferrate did not change the semiconductor characteristic of the film, which is a property provided by dispersed MWCNTs. The enhanced conductivity of these nanocomposite films combined with the electrocatalytical properties of pentacyanoferrate have been explored to produce a superior electrochemical sensor for cysteine. 34 Therefore, we hope that MWCNT/P4VP could serve as a versatile platform onto which different transition metal compounds can be anchored to produce solutionprocessable materials of diverse functionality.
Conclusions
Poly(4-vinylpyridine) and its metallopolymer bearing [Fe(CN) 5 ] 3-groups coordinated to pyridyl side chains are able to suspend up to 1.1 and 0.6 mg of multiwalled carbon nanotube per mL of polar solvents such as ethanol and water/ethanol mixture upon sonication. Interactions of the type π-π stacking between the aromatic side chains of poly(4-vinylpyridine) and the nanotube walls were pointed to be of the major relevance in the formation of suspensions in polar water/ethanol mixture upon sonication. Such interactions could be disrupted by addition of hydrochloric acid, allowing the measurement of the actual mass of dispersed nanotubes. Flocculated MWCNT could be isolated and presented no structural damage induced by the process, showing that their electronic and mechanical properties could be preserved. Variation of the py:Fe molar ratio in the metallopolymer and the P4VP:MWCNT weight ratio suggested that the amount of MWCNT suspended is not proportional to the amount of uncoordinated pyridyl groups. This fact might be related to the conformation of the macromolecule in solution when it interacts with the nanotubes. Finally, the system MWCNT/P4VP/Fe(CN) 5 3− consists in a supramolecular assembly gathering chemical species with very different polarity and properties. Under this perspective, a myriad of transition metal compounds could be coordinated to the P4VP/MWCNT aggregate in suspension and have their unique optical, magnetic, catalytic properties combined to the good film forming and conductive properties of the P4VP/MWCNT supramolecular platform. 
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